Recently we have developed new kinetic methods of bacterial cell estimation in food products by measurement of the increase in bacterial adenosine-triphosphate (ATP) content during incubation using a conventional firefly luminometer [Fujikawa and Morozumi: Jpn. J. Food Hyg. (2002)]. The methods were the end point method and the delay method. We, in this study, evaluated these methods for bacterial concentration estimation in commercial foods. The methods were successfully applied to food products inoculated with Escherichia coli or Staphylococcus aureus. The methods were then used to estimate bacterial concentrations in commercial foods. For estimation, the kinetic parameter values were determined first from the data of bacterial strains studied previously. The bacterial concentrations estimated with these parameter values were slightly smaller than the measured concentrations for most of the food samples. The parameter values obtained with the least-squares method gave better estimations in both methods. The delay method predicted the bacterial concentrations in food products better than the end point method. This study showed that with appropriate parameter values, these methods could be useful tools for bacterial concentration estimation of commercial foods.
Introduction
The most widely used, traditional method for measurement of bacterial concentration of food materials and/or products is the standard plate count method 1), 2) . This method, however, requires a long incubation period such as 48 hours 1) , 2) . Rapid microbial examination methods, therefore, are urgently needed in the food industry.
Among such methods, the firefly bioluminescence assay for adenosine triphosphate (ATP) is known to be rapid, simple, and sensitive 3), 4) . This method, however, has one universal problem 5), 6) . That is, interference from large amounts of non-microbial ATP in foods. A possible explanation is that food samples can contain high concentrations of endogenous ATP, because most food materials are of animal or plant origin and may retain their original ATP content 7) . Two solutions to the problem, i.e., the enzymatic destruction of nonmicrobial ATP 8) and the separation of the microbial cells from food materials 9) , have been considered. In both procedures, food samples need to pass through conventional membrane filters with a pore size of 0.45 mm 8), 9) . Unfortunately, most solid food products and their homogenates in bu#ered saline cannot pass through filter membranes or be washed on the membranes with the bu#er. Thus, the application of the two methods to solid foods is strictly limited to those such as raw meat and vegetables 8)ῌ11) . These methods cannot easily be applied to most processed solid foods, for which we routinely need to measure their bacterial concentrations.
Under these circumstances, we developed new, kinetic ATP measurement methods for prediction of bacterial concentrations in food samples with a conventional firefly luminometer 12) . The methods are an end point method and a delay method. These methods are based on the increase kinetics of the ATP content in bacterial cells that proliferate in culture medium during incubation. Thus, the methods can predict the concentration of living bacteria only, because dead cells cannot proliferate in culture media. The methods were successfully applied for estimation of bacterial cells cultured in a medium 12) . Next, the methods should be evaluated with commercial foods, to assess their potential as rapid methods in the food industry. In this study, thus, we evaluated the methods with commercial foods. For this purpose, we first studied the e#ect of food contents on the ATP increase kinetics using food products inoculated with bacteria. Second, we predicted the bacterial concentrations of food products by applying the methods and compared the results with the measured values.
Materials and Methods

Bacterial cell preparation
Bacterial strains of Escherichia coli 1952 and Staphylococcus aureus 2246 were those studied in our previous study 12) . They were cultured and washed with phosphate bu#er, pH 7.0, with 0.005ῐ (vol/vol) Tween 80 in the same manner as done by us previously 12) . Cells were finally suspended in 5 mL of saline (0.85ῐ wt/vol NaCl solution) at the final concentration of 10 9 CFU/mL.
Food homogenate preparation
Commercial food samples tested in this study were purchased at retail stores in Tokyo.
For the inoculation test, food samples were sterilized at 121῏ for 15 min. One-milliliter aliquots of bacterial cell suspensions were inoculated at various cell concentrations into sterilized food samples (10 g each) in sterile plastic bags and kept at 7῏ for about 20 hours. The samples were then homogenized with 90 mL of bu#ered sodium chloride peptone solution, pH 7.0 (Nissui Pharmaceuticals, Tokyo) in a stomacher (400S, G. I. Creos, Tokyo) for 1 min. Portions (5 mL) of the 10ῐ food homogenates were mixed with 45 mL of nutrient broth (Nissui Pharmaceuticals) in 100-mL screw-capped glass tubes (one tube per food sample). The nutrient broth in tubes was preheated at 35῏.
For the bacterial concentration estimation, 10ῐ homogenates of food samples were prepared with the bu#ered sodium chloride peptone solution and mixed with the nutrient broth in the same manner as for the inoculation test.
Incubation
Sample suspensions in glass tubes were cultured with shaking at 120 rpm at 35῏ 12) . At 1-hour intervals during incubation, portions (about 3 mL) of the suspensions were taken and cooled in ice water.
ATP measurement
ATP contents in sample suspensions were measured by the firefly luciferin-luciferase method with an ATP analyzer (AF-100, TOA Electronics, Tokyo) 12) . Samples whose initial ATP contents were more than 1 nmol/L were diluted to the level of about 1 nmol/L with ATPfree water (TOA). The average of two measurements per sample suspension was calculated 12) .
Viable cell counts
Viable cell counts of food samples for the inoculation and estimation tests were measured with the standard plate count method 1), 2) ; dilutions of 10ῐ food homogenates prepared above were mixed with standard plate agar (Eiken Chemicals, Tokyo) and incubated at 35῏ for 48 hours 12) . The average of two plate counts per sample was calculated.
Data analysis
The increase kinetics of ATP content in food samples was analyzed in terms of the ratio of A/A 0 12) . Here A is the ATP concentration measured (nmol/L) at an incubation time t (hour) and A 0 is that at time zero. For the end point method, 4-hour incubation data were applied: the logarithm of A/A 0 at 4-hour incubation, Y (῎0), was expressed using a quadratic equation (1) .
(1) Here X is the logarithm of the initial bacterial concentration measured (CFU/g); a, b and c are parameters. The delay method was applied to the ATP data by the method of Fujikawa and Morozumi 12) . That is, the delay of the exponential increase phase of ATP, L (hour), was expressed as follows:
L῍dXῌe (2) Here d and e are parameters. Bacterial concentrations of food samples were estimated from the measured ATP data of the cultured samples using equations. (1) and (2).
The di#erence between the estimated and measured cell concentrations was evaluated using the mean of the sum of the squared di#erences between them, MSS, for food samples. MSS is defined as follows:
MSS῍ῌ (X p ῌX m ) 2 /n (3) where X p and X m are the logarithms of the bacterial concentration predicted and measured, respectively, and n is the number of food samples. Statistical analysis was done with Microsoft Excel 2000.
Results
Inoculation test
The end point and delay methods were evaluated for commercial foods inoculated with E. coli and S. aureus at various cell concentrations. Homogenates (10῎) of the food samples were not washed on a conventional filter membrane of 0.45 mm pore size. No marked changes in ATP content were observed for the noninoculated controls throughout the incubation: the ATP increase curves were horizontal (Figs. 1A and 2A ). This meant that the food materials themselves did not a#ect the ATP increase due to bacterial growth.
The kinetic methods were then successfully applied to inoculated food samples (Figs. 1B, C and 2B, C), in the same way as to bacterial cell suspension in culture media 12) . The ATP increase patterns of the samples were well described with equations (1) and (2) of the methods. The parameter values of the equations for the samples are shown in Table 1 . The values of the regression coe$cient, R, of the methods for the food samples were very high (Table 1) . Similar results were obtained for other kinds of food products inoculated with these bacteria (data not shown).
Estimation of bacterial concentrations in food products
The two methods were then tested for bacterial concentration estimation in commercial food samples. Homogenates of the samples were not washed on a conventional filter membrane.
For estimation, the parameter values of equations (1) and (2) must be determined. The averages of parame- ῌ The food was inoculated with E. coli (Fig. 1 ). ῌῌ The food was inoculated with S. aureus (Fig. 2) . ῌ The parameter values which were the averages for the bacterial strains studied 12) were used for prediction (Fig. 3) . ῌῌ The parameter values which were determined with the least-squares method were used for prediction (Fig. 4) . ters among the bacterial strains studied previously 12) were first applied to the values ( Table 2 ). The strains were E. coli, Klebsiella sp., Bacillus subtilis, S. aureus, and Pseudomonas sp.
12) The methods gave good predictions for bacterial concentration of the samples, though the predicted values were lower than the measured ones for most samples (Fig. 3) . The delay method produced better predictions than the end point method: the value of MSS of the former was smaller than that of the latter (Table 2) .
Next, the parameter values that minimized the value of MSS between measured and predicted bacterial concentrations of the samples were chosen for prediction. The least-squares method was used to estimate the optimum parameter values of the equations for the samples. The results are listed in Table 2 . These values had better predictive ability than the averages of the bacterial strains did (Fig. 4) ; the values of MSS with the optimization procedure were smaller than those with the averaging procedure ( Table 2 ). The delay method also had better predictive ability than the end point method (Table 2 ). These results suggested that with appropriate parameter values the methods could be useful tools for prediction of bacterial concentration in commercial foods.
The detection limits of bacterial concentration for the end point and the delay methods were about 10 3 and 10 2 cfu/g, respectively. The bacterial concentration of the cream pu# (g in Fig. 3A) could not be estimated with the delay method, because it was below the detection limit.
Discussion
There were no remarkable changes in the ATP contents of the non-inoculated food samples in the inoculation test. If there were any significant increase or decrease in the ATP content in the control foods, the kinetic methods could not be applied for estimation. It is known that food products generally have a large amount of endogenous ATP of animal or plant origin 7) . This was also observed for many food samples tested in this study. When food materials are thermally processed, enzymes that decompose endogenous ATP in the materials, such as ATPase, would be thermally inactivated 13) . On the other hand, ATP itself is relatively stable to heat 14) . This may be the reason why no changes were observed in the ATP contents of the non-inoculated food samples during the incubation.
In our previous study, a 5-hour incubation period was applied in the end point method 12) . When we applied this period of incubation to the food products, the predictions were worse than those with 4-hour incubation data (Fig. 5) . Here, the parameter values used were the averages of the five strains 12) . The value of MSS of the food samples after 5-hour incubation (3.52) was higher than that after 4-hour incubation (2.69) ( Table 2) . When the least-squares method was applied to the parameter estimation, the value of MSS after 5-hour incubation (1.09) was also higher than that after 4-hour incubation (1.03) ( Table 2 ). The reasons for the di#erences are not clear. On the other hand, a method with a shorter incubation period is more suitable for practical use. Therefore, the 4-hour incubation period was employed for the end point method in this study. The parameter values were the averages of the bacterial strains studied 12) (Table 1) . Symbols: a, rice ball-1; b, cheese sandwich; c, rice ball-2; d, rice ball-3; e, ham-potato roll; f, cooked beans; g, cream pu#. The parameter values were determined by the least-squares method (Table 2) . Symbols are the same as those in Fig. 3 .
The parameter values of equations (1) and (2) for the kinetic methods determine the bacterial concentrations of food products in the prediction processes (Figs. 3 and 4 and Table 2 ). Therefore, the estimation of parameters for prediction is critical and, at the same time, it is very di$cult to do. In this study, we first tried to estimate the parameters using the averages of the bacterial strains studied previously 12) . But these parameters produced predictions slightly lower than the measured values ( Fig. 3 and Table 2 ). This means that in comparison with the measured bacterial concentrations, the ATP increase of bacteria in real food products was lower during the incubation than those of the bacterial strains tested in our previous study 12) . There might be several possible reasons for this. These include (i) a di#erence of parameter values between the tested bacteria 12) and food-contaminating ones and (ii) di#erences among species of the tested strains 12) . As regards reason (i), among the bacterial strains studied, a Pseudomonas stain was a slightly lower ATP producer than other strains, compared to its measured cell concentration 12) . Thus, it was thought that low ATP-producing bacteria such as this strain might be dominant in those food products. As regards reason (ii), the previous study was done using only one representative of each species 12) . Over 30 food products were tested for bacterial concentration prediction with the kinetic methods in this study. The products were purchased at convenient shops and supermarkets. Most of them were negative, confirming quite low bacterial loads. As a result, the number of the samples for which results are shown in Figs. 3 and 4 is small. Thus, it is suggested that food samples that are negative with the kinetic methods show little contamination with bacteria.
The parameter values of equations (1) and (2) might be specific to the food products, because certain kinds of bacterial contaminants of given food products might be dominant in the microflora of the products 15) . Thus, food producers could estimate the parameter values specific to the dominant bacteria in their products for bacterial concentration prediction.
In a preliminary study, the appropriate concentration of food samples was studied, because the higher the food concentration, which means the higher the contaminating bacterial concentration, the earlier the ATP increase could be detected. Namely, 10ῌ homogenates of food samples prepared in the Materials and Methods section were compared with the untreated food samples themselves. For the latter, the food samples (5 g) were directly incubated in nutrient broth (45 mL) in glass tubes. This is a 10 times higher food concentration than the former. The latter samples produced a fluctuation in the ATP increase curve during the incubation in some cases. Moreover, the increase in the ATP content of the latter was not earlier than expected. Therefore, 10ῌ food homogenates were chosen for use in this study.
This study showed that the end point would be practically suitable for commercial foods when the parameters were well estimated with an optimization procedure such as the least-squares method. In particular, when the method is routinely applied to given food products and/or their raw materials, it should be possible to produce a good prediction for bacterial concentration, because the products might be contaminated primarily with certain kinds of bacteria and the parameter values of equations (1) for those bacteria could be estimated as described above. On the other hand, when precise estimation is needed, the delay method is recommended. For this, ATP measurement will need to be automatically analyzed with a computer-aided machine. Food producers can choose whichever method is most appropriate. Also, it should be noted that for both methods, appropriate parameter values are essential for accurate estimation of bacterial concentration. The parameter values were the averages of the bacterial strains studied 12) . Symbols are the same as those in Fig. 3 .
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